Introduction
Pectin methyl esterase (PME), which modifies esterified homogalacturonan components of pectin found in plant cell walls, is a critical enzyme for tissue remodeling, growth, and fruit maturation, among other processes (Brummell, 2006; Derbyshire et al., 2007; Jarvis et al., 2003) .
Homogalacturonan, one of the two pectin polysaccharide backbones, is highly methyl-esterified when exported into cell walls and is subsequently de-esterified by the action of PME and other pectic enzymes (Willats et al., 2001; Zhang and Staehelin, 1992) . The control of methyl esterification levels by PMEs has been recently reported to have a direct effect on the regulation of a wide range of processes in plant physiology, including cell-to-cell adhesion and separation (e.g., abscission) (Jarvis et al., 2003; Willats et al., 2001) , cellular elongation, germination and seedling growth, (Derbyshire et al., 2007) , and fruit ripening (reviewed in Brummell, 2006 ; e.g., Koch and Nevins, 1989) . Some PMEs are ubiquitously expressed, whereas others are expressed in specific tissue regions (Christensen et al., 1998; Micheli et al., 2000; Nielsen and Christensen, 2002) or during specific life stages or events, such as pollination (Jiang et al., 2005; Li et al., 1994) , or parasitic plant haustorial formation (Nagar et al., 1984) . The data suggest that PMEs are encoded by a family of genes (Micheli et al., 1998 ) that are differentially regulated by cell type in response to specific developmental or environmental scenarios (Derbyshire et al., 2007; Raiola et al., 2004; Wolf et al., 2003) . In addition, enzymatic activity is regulated by direct interaction with endogenous inhibitors in plant tissue Raiola et al., 2004; Wolf et al., 2003) . These protein inhibitors specifically interact with the enzyme active site region and hamper substrate access. Regulation of PME activity by exogenous application of inhibitors may offer a way to investigate the roles of PME in cell wall modification during a variety of plant life stages and tissues.
Regulation of PME activity by endogenous protein inhibitors may be altered during tissue invasion processes that require cell wall degradation, for example, during host invasion by plant parasites (Ben-Hod et al., 1993; Losner-Goshen et al., 1998; Nagar et al., 1984; Vaughn, 2003; Veronesi et al., 2005) . Plants resistant to invasion appear to exhibit strong inhibition of cell wall degrading enzymes at tissue surfaces (Singh and Singh, 1997) . Therefore, exogenous blocking of PME enzymatic activity in parasitic plants during the invasion process may be used to prevent parasitism.
However, the use of proteinaceous inhibitors is complex and hence not trivial. Small molecule inhibitors would be more tractable as applied enzyme inhibitors. Several proteinaceous inhibitors of pectin methyl esterase (termed PMEIs) have been identified (D'Avino et al., 2003; Giovane et al., 2004; Juge, 2006; Raiola et al., 2004; Wolf et al., 2003) . However, to our knowledge, no small molecules have been implicated in inhibition of PME to date. Yet plants are adept at producing highly bioactive small molecules, and these may offer a less metabolically costly way to inhibit PME. Small molecules may also be more practical for exogenous application due to their long shelf life and stability compared to protein inhibitors. Furthermore, the exogenous application of small molecule inhibitors offers a method for fine control of enzymatic activity during isolated life stages and tissues. Previous work using antisense technology to inhibit PME (e.g., Pilling et al., 2004) has shown systemic effects of PME inhibition, but are difficult to confine to particular plant parts or life stages, nor are they tractable for field experiments on non-model systems. Therefore, we endeavored to identify appropriate small molecules that have shown efficacy as enzymatic inhibitors, as a starting point for identifying candidate PME inhibitors. By analogy to mammalian tissue-degrading enzymes, we identified green tea (Camellia sinensis) catechins as potential inhibitors of PME due to their inhibition of carboxypeptidases (which also have esterase activity) during tissue remodeling in mammalian systems (Holmquist and Vallee, 1976) .
Our research has identified a novel inhibitor for pectin methyl esterase activity. We have found that green tea catechin extract (called Polyphenon 60, or PP60) inhibits citrus and tomato PME activity in vitro, and inhibits parasitic plant PME extracts from both dodder (Cuscuta pentagona) and Indian paintbrush (Castilleja indivisa), representatives of two large families of parasitic plants, the Cuscutaceae and Orobanchaceae. In addition, we found that epigallocatechin gallate (EGCG) and gallocatechin gallate (GCG), the catechins containing active gallate esters, were the most active in PME inhibition. Molecular docking analyses and fluorometric measurements indicate the close interaction of EGCG with the active site of PME.
Results and Discussion
Green tea catechin extract inhibits PME in a concentration dependent manner.
Enzymatic activity of solutions of commercially available citrus PME and PME plus PP60 was tested using ruthenium red staining of pectin-infused plates of agarose medium (Downie et al., 1998) . A serial dilution of PME solution was incubated in agarose plates with and without PP60.
The one-way analysis of variance (ANOVA) showed a significant effect of catechin addition on staining diameter (F 11,48 =1024.2, p<0.0001). Ruthenium red stain of de-esterified pectin was observed around each well that contained control PME samples, with diameter dependent upon PME concentration (Figure 1a ). No de-esterification was observed around any of the wells containing PP60, indicating loss of enzymatic function with addition of PP60.
A Tukey's post-hoc test comparing diameters among PME solutions showed no difference between 1 mg/mL PME and 0.75 mg/mL PME, but significant differences among all other PME treatments. All solutions of PME with PP60 added showed a significant decrease in staining diameter, with no staining evident around the wells (no difference in staining from buffer or buffer plus PP60), indicating a loss of PME activity with PP60 addition regardless of PME concentration.
The inhibition of citrus PME by PP60 was further demonstrated by the change of the staining diameter upon addition of increasing PP60 concentrations. Variable PP60 concentration with a standard PME solution significantly affected staining diameter (F 5,42 =230.1, p<0.0001; Figure   1b ). A Tukey's HSD post-hoc test showed significant differences among all PME+PP60 combinations and the PME control (1 mg/mL), indicating no overlap in PME activity level among these treatments. The PP60 dilution series showed a linear reduction in PME activity with PP60 concentration (r 2 = 0.9281, p <0.0001; Figure 1b ). Samples with PP60 added at 100 mg/mL showed no PME activity (no ruthenium red staining). This confirms that PME activity is inhibited by PP60 and that this inhibition is concentration dependent and can be observed on agarose plates.
Our result showing PME inhibition by PP60, or green tea catechins, is consistent with previous work showing that green tea extract is a potent inhibitor of activity or expression of a variety of enzymes in vitro and in vivo (Ahmed et al., 2004; Aucamp et al., 1997; Morre et al., 2003; Okello et al., 2004; Persson et al., 2006; Vankemmelbeke et al., 2003; Zhang and Rock, 2004) , including esterases (Okello et al., 2004) . The enzyme-inhibiting and -inducing activities of green tea are mainly attributed to the polyphenolic flavonoids found in PP60: (-)-epicatechin (EC), (-)epigallocatechin (EGC), (-)-epicatechin gallate (ECG), (-)-epigallocatechin gallate (EGCG), and (-)-gallocatechin gallate (GCG), and while individual catechins may have differential effects, there may also be synergistic effects among catechins (e.g., Morre et al., 2003) . These catechins can inhibit enzymes by direct competitive interactions (Persson et al., 2006; Vankemmelbeke et al., 2003) , by altering regulation of expression at the genetic level (Ahmed et al., 2004) , or both. PME extracts from parasitic plants are inhibited by green tea extract.
Extracts of parasitic plant PME were combined with PP60 solution in an agarose plate experiment to determine if PP60 inhibition of PME is consistent across taxa, and specifically if catechins could inhibit PME activity in parasitic plants. PME activity in Castilleja indivisa root extracts and Cuscuta pentagona haustorial region extracts as well as the 1 mg/ mL PME standard were significantly reduced by the addition of PP60 (F 7,28 =1420.9, p<0.0001; Figure 2 ). Activity was completely inhibited by PP60 addition at 50 mg/mL (stain diameter no different from buffer only or buffer plus PP60). A Tukey's HSD post-hoc test showed significantly lower PME activity in samples with PP60 added compared with PME controls (without PP60).
This experiment shows both that green tea catechin inhibition of PME is consistent and effective on various PME types, and that green tea catechins may be used to inhibit PME activity in parasitic plants. Parasitic plants utilize cell wall degrading enzymes such as PME (Bar Nun and Mayer, 1999; Ben-Hod et al., 1993; Losner-Goshen et al., 1998; Veronesi et al., 2005) to invade their hosts. Furthermore, extracts of stem peelings from hosts resistant to Cuscuta dramatically inhibited the activity of many cell wall degrading enzymes in vitro (Singh and Singh, 1997) .
Thus, inactivation of these enzymes in the field using small, easily applied molecules such as catechins should be investigated for potential use in influencing parasitic plant behavior.
Gallate-ester containing catechins are the strongest PME inhibitors among green tea components.
Given the consistent inhibition of PME by the combined catechins in PP60, the individual catechins of green tea were utilized to determine the most active constituents of the PP60 extract in the inhibition of citrus PME. Addition of individual catechins significantly affected PME activity overall (F 5,42 =222.1, p<0.0001), and the individual components of PP60, comprising EGCG, GCG, EC, ECG and EGC, affected PME activity differently ( Figure 3) , with the gallateester-containing EGCG and GCG having the most significant inhibitory effect on PME (decrease from 1.82 cm stain diameter to 1.51 and 1.39 cm, respectively). The Tukey's HSD test among treatments showed that addition of EC, ECG, and EGC exhibited no differences from the PME control ( Figure 3 ). This suggests that the polyphenolic green tea extract contains only few highly active compounds involved in this inhibition.
The dominance of EGCG and GCG in inhibition of PME is consistent with studies in other systems. The gallate-containing catechins, EGCG in particular, have been implicated in inhibition of FabG and FabI reductases (Zhang and Rock, 2004) , carboxypeptidases such as angiotensin-converting enzyme (Persson et al., 2006) , as well as nitric oxide synthase (Singh et al., 2002) , oxidases (Aucamp et al., 1997; Morre et al., 2003) and matrix-degrading metalloproteinases, or MMPs (Ahmed et al., 2004; Demeule et al., 2000; Vankemmelbeke et al., 2003) in in vitro systems.
Fluorometry of PME interaction with EGCG shows reduced enzymatic activity and interaction at
the substrate binding site.
Fluorometric analyses of enzymatic activity were used to test the interaction of PME with EGCG. The activity of PME with and without EGCG on an artificial synthetic substrate with a fluorescent product was used to estimate the K i for PME interaction with EGCG. Fluorometric measurements of enzymatic degradation of cyano-acetate substrate (Shan and Hammock, 2001) showed significant reduction in purified tomato (Solanum lycopersicum L.) PME activity with the addition of EGCG (Figure 4) . No background fluorescence of the cyano-acetate substrate was found in the absence of PME (data not shown), indicating the stability of this substrate in the absence of enzymatic degradation. Using this technique, the estimated K i is 420 µM ± 20 (r 2 =0.995); this is higher than the K i of the endogenously produced PME inhibitor protein from kiwi, which has a K i of 0.053 µM at pH 7 (D'Avino et al., 2003) . However, it should be noted that the K i value for the EGCG and PME measured by this cyano-acetate substrate will likely differ from that of PME interactions with pectin, as the cyano-acetate is a much smaller substrate than the esterified pectin network normally degraded by PME.
The Lineweaver-Burk plots of EGCG interactions with PME shows no change in y-intercept with increasing inhibitor concentration, but does show a change in slope and x-intercept with increasing EGCG concentration, suggesting a competitive inhibition mechanism ( Figure S1) .
These experiments were limited to a small range of substrate concentrations due to quenching problems at higher concentrations; thus, our ability to definitively analyze the type of inhibition is limited. However, given the results, competitive interaction is the most appropriate interpretation. The graph is included as supplementary data.
Consistent with the kinetic results, molecular docking analysis of EGCG and PME shows that EGCG binds in the catalytic cleft of the enzyme. Specifically, extended docking of the EGCG catechin molecule to large surface area of the methyl esterase reveals that this flexible ligand molecule prefers clustering at the enzyme's active site (PDB code:1gq8) ( Figure 5 ). The binding energy values (ΔG) calculated for 100 different docking positions range from -6.37 to -3.38 kcal/mol. Interestingly, the average ΔG value of -4.47 kcal/mol corresponds to the binding affinity value ~800 µM, which is of the same order of magnitude as the measured inhibition constant. The binding mode of EGCG is characterized by ligand-protein interaction between the catalytic residues D 136, W252 and W227 and residues Q113 and E253 located in the vicinity of the active site. More specifically, a stacking interaction with W252 is observed (see Figure S2 in
Supplemental materials)
The inherent fluorescence of PME with and without EGCG was used to investigate the site of EGCG binding to PME. Inherent PME fluorescence in commercial citrus extract was reduced with increasing EGCG concentration, with a concomitant rise in emission at the peak EGCG wavelength of 390 nM ( Figure S3 ). This suggests that fluorescence (also called Förester) resonance energy transfer (FRET), between the PME tryptophans (λ em = 340 nm) and the EGCG (λ ex = 340 nM and λ em = 390 nm) is taking place.
Proteinaceous PME inhibitor (PMEI) from kiwi fruit inhibits by direct contact with the relatively wide active binding site cleft of PME , thus covering the binding site access point (D'Avino et al., 2003; Di Matteo et al., 2005) . The FRET behavior exhibited in our samples ( Figure S3 ), in which emissions of fluorescence from the binding site tryptophan of PME are absorbed by EGCG and re-emitted at around 390 nm, suggests that the aromatic system in EGCG is interacting closely with tryptophan groups located on the PME molecule. Previous work by D'Avino et al. (D'Avino et al., 2003) has suggested that most of the fluorescence observed in PME is due to the two tryptophans at the catalytic site, as the other tryptophan residues in PME are minimally exposed to solvent (<14%). Therefore, our FRET data suggest increased shielding of the exposed tryptophans at the catalytic site as a result of interaction with EGCG, providing circumstantial evidence that EGCG is interacting directly at the catalytic site of PME.
EGCG inhibits PME from multiple plant families, suggesting utility in controlling PME in vitro and in vivo.
Using agarose plate assays, we confirmed that EGCG inhibits PME from two different plant families, Solanaceae (Solanum lycopersicum, tomato) and Rutaceae (citrus). In addition, preliminary inhibition experiments using green tea extract on parasitic plant PMEs (Castilleja indivisa and Cuscuta pentagona) indicate the feasibility of inhibiting this enzyme by a similar mechanism. Purified tomato PME (14 µM) and commercially available citrus PME (approximately 5 µM) were combined in agarose plates with varying concentrations of EGCG solution or buffer. This experiment showed a concentration-dependent relationship between EGCG addition and PME activity, as reflected by staining diameter. EGCG treatments had a significant effect on PME activity for both citrus PME (F 9,40 =874.36, p<0.0001) and tomato PME (F 9,40 =2245.29, p<0.0001). There was a significant negative linear relationship between concentration and stain diameter for both citrus (Diameter = 1.2 -0.00077*Concentration, r 2 =0.87) and tomato PME solutions (Diameter = 1.96 -0.0011*Conc., r 2 =0.94).
Taken together, these results combined with the other experiments presented here show that green tea extract has consistent inhibitory activity against PME from widely differing plant sources (i.e., citrus, tomato, and the two parasitic plants), suggesting that its inhibitory role is related to a highly conserved region of PME structure. The inhibition of citrus and tomato PME extracts by EGCG in vitro, combined with the successful inhibition of parasitic plant PME extracts with PP60, suggest that EGCG act as a non-specific pan-inhibitor for PME. The docking analyses, in conjunction with the Lineweaver-Burk analysis and the fluorometry data showing FRET between EGCG and PME indicate direct interaction of EGCG at the catalytic binding site of PME and competitive inhibition. Such interactions may be mediated via hydrophobic interactions at the S1 pocket residing at the catalytic site as suggested by Smith et al. (2004) .
Conclusions
We have found that green tea catechins can be used to inhibit pectin methyl esterase activity across plant taxa, and that the inhibitory interaction occurs at the substrate binding site of PME.
As a small, readily isolated molecule, EGCG may be extremely useful as a PME inhibitor in vivo to tease apart the role of PME in modulation of cell wall adhesion, rigidity, and degradation.
Epigallocatechin gallate can be exogenously applied as a direct inhibitor of PME, rather than controlling PME expression at the genetic level, allowing for the manipulation of PME activity at particular life stages and in particular plant organs, and can also be used in field settings where genetically modified organisms can be problematic. Further work is needed to determine the efficacy and feasibility of field application of EGCG or green tea extracts on various plant species. We suggest that application of exogenously applied EGCG or green tea extract may also be used to block harmful PME activity in cellular processes and may have applications for plant pathogen research and control as well as in the food industry.
Experimental Procedures
Pectin infused agarose plate method for testing enzymatic activity in combination with inhibitor.
Pectin/agarose medium plates were used to test for enzymatic activity in solutions of PME and PME combined with the hypothesized inhibitor as described by Downie et al. (Downie et al., 1998) . In preparation for each experiment, two mm diameter wells were created in the agarose medium using a cork-borer. Each well was filled with 15 µL of solution in the patterns described below. For a given experiment, stock solutions of PME (citrus PME lyophilized powder, ~35% protein, 198 units/mg protein, protein molecular weight 33954 Da (Christensen et al., 1998) ; Sigma Aldrich, unless otherwise noted) and/or green tea extract containing at least 60% catechins (Polyphenon 60, or PP60, Sigma-Aldrich, St. Louis, MO) or individual catechin components were used, each of which was filtered at 0.2 µm unless otherwise noted. For each agarose plate well, these solutions were mixed individually in 96-well plates for transfer into the agarose plates. All plates for a given experiment received identical incubation periods (after Downie et al., 1998) . The plates were then rinsed with HPLC-grade water, filled with 0.05% ruthenium red solution and incubated for 45 minutes. The plates were then drained, rinsed with HPLC grade water, and then the darker pink ruthenium red staining around each well indicating the presence of de-esterified pectin (Figure 1) was measured on the back of the plate using electronic calipers to 0.01 mm (Mitutoyo, Japan).
Testing whether green tea catechin extract inhibits PME in a concentration dependent manner.
The first experiment tested for effects of PME concentration on the diameter of observed staining in the plates and the effect of PP60 solution on that activity. PME solutions were created by serial dilution: 1 mg/ mL of lyophilized PME powder, 0.75 mg/ mL, 0.5 mg/ mL, 0.25 mg/ mL, and 0.1 mg/ mL. These were diluted 1:1 with HPLC grade water, or 1:1 with 100 mg/ mL solution of PP60 in individual cells in a 96-well plate, then transferred from each cell in to the agarose plate wells. One well of each solution was placed on each of 5 plates, plus controls (water and PP60 alone).
The second experiment investigated the relationship between PP60 concentration and inhibition of PME activity using 1 mg/mL PME solution combined 1:1 with five treatment solutions: 100 mg/ mL PP60, 50 mg/ mL PP60, 20 mg/ mL PP60, 1 mg/ mL PP60, and water (control/calibration). These were mixed from stock solutions in individual cells in a 96-well plate, then transferred from each cell in to an agarose plate well. Four plates were used with two replicates of each solution per plate.
Preparation of parasitic plant PME extracts.
The third experiment tested the effect of PP60 on extracts of PME from Castilleja indivisa, a root hemiparasite and from Cuscuta pentagona, a stem holoparasite. Cuscuta pentagona cuttings grown on Vicia faba were placed in water tubes and exposed to Coleus spp. stem for 4 days, then harvested and extracted. Castilleja indivisa were harvested from soil and roots were rinsed in HPLC-grade water. For the two species, 95.8 mg Cuscuta pentagona cuttings and approximately 165 mg of freshly harvested and rinsed Castilleja indivisa root material were placed into 400 µL and 600 uL respectively of 0.1M citrate/0.2 M phosphate buffer at pH 7 with 3 g of 2.3 mm chrome steel beads. The tissue was ground for 10 seconds on high in a Beadbeater (Biospec products), then allowed to incubate for approximately three hours at room temperature (after Downie et al., 1998) . A portion of the resulting slurry was diluted approximately 1:1 with buffer and used without filtration. The following solutions were mixed individually in cells in 96-well plates and then transferred to individual wells in the three agarose plates: C. indivisa PME extract + buffer (2/plate), C. indivisa PME extract + PP60 (50 mg/ mL) (2/plate), C. pentagona PME extract + buffer (2/plate), C. pentagona PME extract + PP60 (50 mg/ mL) (2/plate), PME 1.0 mg/ mL + buffer (1/plate), PME 1.0 mg/ mL + PP60 (1/plate), buffer control (1/plate), and PP60 + buffer (1/plate).
Test for inhibitory effects of individual catechins.
The fourth experiment tested individual polyphenolic flavonoid components of PP60 (individual catechins purchased from Sigma Aldrich, St. Louis, MO) for differential inhibition of commercially available PME. PME solution was made up to 1 mg/ mL in 0.1 M citrate/0.2 M phosphate buffer at pH 7. This solution was filtered (0.4 um PTFE filter, Acrodisc), then diluted to 0.75 mg/ mL. All PP60 components were diluted in buffer to 20 mg/ mL, then filtered (0.4 µm PTFE filter, Acrodisc) to remove particulate while maximizing activity in solution.
Maximum concentration of each solution was EC: 34.45 mM, EGC: 32.65 mM, ECG: 22.61 mM, GCG: 21.82 mM, EGCG: 21.82 mM. The following solutions (four plates, 2/plate) were mixed individually in a 96-well tray prior to placement in agarose plate wells: PME + buffer, PME + EGC, PME + ECG, PME + EGCG, PME + GCG, PME + EC.
Fluorometry of PME Interaction with EGCG.
To closely monitor PME interaction with EGCG using fluorometric kinetic analysis, tomato PME was purified as previously described (Vovk and Simonovska, 2007) . The enzymatic activity of purified tomato PME and inhibition by EGCG were measured at 37 °C by monitoring the hydrolysis of a cyano-acetate as a substrate (provided by Guomin Shan and Bruce D.
Hammock, University of California, Davis) at λ ex = 340 nm and λ em = 465 nm as described by (Shan and Hammock, 2001) . The standard assay mixture contained 20 mM Tris, pH 7.0 and 100 mM NaCl.
The steady-state kinetic data were processed and analyzed by linear and non-linear regression using Kaleidagraph 3.5. The initial velocities were calculated by using a linear fit followed by non-linear fit to the Michaelis-Menten equation as shown in Equation 1.
where V i is the initial velocity, V max is the maximum velocity, S is the substrate concentration, and K m is the Michaelis-Menten constant.
The inhibition constant measurement was determined by pre-incubating PME (2µM) with increasing concentrations of EGCG ranging from 0 to 4.0 mM. Incubation was allowed at 37 °C for 30 min before steady state measurement. The cyano-acetate substrate was added to a final concentration of 10µM to initiate the assays. Measurements of PME activities were performed at 37 °C. The K i values were calculated using Equation 2.
The kinetic data measured in different substrate concentrations were subjected to Lineweaver-Burk analysis. When used for determining the type of enzyme inhibition, the Lineweaver-Burk plot can distinguish competitive, noncompetitive and uncompetitive inhibitors. In this case, the V max (maximum speed of the reaction) is unchanged (same y-intercept), while K m (the apparent affinity of the substrate to the binding site) is decreased (different x-intercept).
To test whether the interaction of EGCG with PME occurs at the substrate binding site, the inherent fluorescence of PME, and PME fluorescence with incremental additions of EGCG were measured. In the unbound state, the binding site of the PME molecule has two exposed tryptophan residues that absorbs light at 295 nm and emits light at approximately 340 nm (D'Avino et al., 2003) , whereas the other tryptophans in plant PMEs appear to be deep within the Atascadero, CA) on a Jasco J-810 Spectropolarimeter (Jasco, Easton, MD) at λ ex =295 nm, and λ em =320 to 450 nm. After measuring a baseline scan of the PME solution to confirm peak PME λ em =340 nm (D'Avino et al., 2003) , sequential 2 µL aliquots of concentrated EGCG solution (increasing concentration by 20.0 nM per aliquot) were added to the cuvette and mixed gently, then incubated in the dark for 2 minutes prior to scanning. Additions were performed until changes in PME fluorescence leveled off. Background fluorescence of the buffer was subtracted from all spectra.
Molecular docking analysis
To explore possible interactions of EGCG molecule in the PME active site, we employed the AutoDock protocol, which has been shown to reproduce ligand-protein binding modes efficiently (Morris et al., 1998 
Comparison of tomato and citrus PME inhibition by EGCG.
The pectin degradation activity of two different types of PME were tested in combination with varying concentrations of EGCG. Commercially available citrus PME (Sigma Aldrich, St.
Louis, MO) was made up to 0.5 mg/ mL in 0.1 M citrate/0.2 M phosphate buffer at pH 7, then filtered (0.2 µm PTFE filter, Acrodisc) to remove any remaining particulate. Tomato PME was extracted and purified as previously described (Vovk and Simonovska, 2007) . EGCG powder (Sigma Aldrich, St. Louis, MO) was dissolved in the buffer to a concentration of 40 mM by warming the tube very slightly under running tap water, then serially diluted to 30, 20, 10, 5, 2.5, and 1 mM. Five plates were used for each PME source, each plate containing one well with buffer, one with EGCG alone, one with the PME solution and buffer, and one each of the PME solution plus each of the EGCG solutions. All solutions for each well were mixed individually in 96-well trays prior to placement in the agarose plate wells.
Statistical analyses.
Data were analyzed using JMP Statistical Software (V. 5.0. Catalytic residues D136, D157, W252 and W227 are highlighted (PDB code:1gq8). Figure S1 : Lineweaver-Burk Plot for interaction of purified tomato PME with EGCG, indicating competitive interaction. This analysis was limited to a small range of substrate concentrations due to quenching problems at higher concentrations. 1 st Binding Mode is characterized by ligand-protein interaction ( Figure S2 ) as described below:
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Stacking interaction with W252 Hydrogen bond to W252 backbone oxygen 2 hydrogen bonds to E253 1 hydrogen bond to Q113 1 hydrogen bond to Q135 2 hydrogen bonds to D136 2 hydrogen bonds from R235 to ligand B) Active site cleft of PME (PDB code:1gq8) defined by residues D136, D157, colored in red;
W227 and W252 colored in yellow are located at the rim of the active site;
C) The structure of EGCG.
